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Portrait Of SM Higgs Production and Decay
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Cross Sections for Key SM Background Processes

a(pb) Js =7 TeV
30000 1 W + jets 180  ff 165 pb NNLO
, W — (v 160 )
25000 I 28000 pb NLO
20000 t+ X
(t-chan)
15000 - 63 pb NLO
tW WW -
10000 106 pb 43 pb
t+X W7
5000 | (s-chan) 18 pb ZZ
4.6 pb 5.9 pb
- . N o BB o

Strong CMS effort to measure these cross sections 3



Some Key Background Measurements With CMS
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theory prediction
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LHC And CMS Performance

CMS Total Integrated Luminosity 2011 (Mar 14 09:00 - Oct 30 16:10 UTC)
I T T
— Delivered 5.72 fb™' | :

L fb~!

<« >5 fbldelivered !

LHC target for 2011
was 1 fb'! per exp.

1+

Max luminosity
L=3.5x10%cm?s!

0
14103

[ i l i
2904 1400 30107 14109 20019
Date

Rapid increase in instantaneous luminosity:
April (L=2x10%? cm2s1) — October (3.5x1033 cm2s 1)

1 day in October’11 = more data than 4 x (entire 2010 run)
The challenge of trigger budget & pileup successfully met

5



Pileup: A Key Feature in 2011 Data

I T
A — Delivered 5.72 fb™'
: — Recorded 5.20 fb™'
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Search Channels For SM Higgs Boson

Mode Mass Range Data Used Mass CMS Document
(fb'!) resolution
4.7

H > vy 110-150 1-3 % HIG-11-030
H - bb 110-135 4.7 10 % HIG-11-031
H-> 1t 110-145 4.6 20 % HIG-11-029
H2>WW 221 2v 110-600 4.6 20% HIG-11-024
H > Z7Z >41 110-600 4.7 1-2% HIG-11-025
H > 77 25212t 190-600 4.7 10-15% HIG-11-028
H > 77 2>212j 130-165/200-600 4.6 3% HIG-11-027
H > Z7Z >212v 250-600 4.6 7% HIG-11-026
bb | - 5 exclusive final states
T B 9 exclusive final states
v | _ 4 exclusive final states
wwoshy |
22501 |
2> |
22->212q | ]
77-->212v . 2 exclusive final states
100 200 300 400 500 600

Higgs boson mass, GeV/c?



H-> WW - 212v

*  No signal mass peak (missing vv ) = Counting expt.
» Challenge is to remove & control large backgrounds

Cross-section x Branching Ratio (fb)
|E+08

IE+07

IE+06

IE+05

|E+04

IE+03

IE+02
Wijets Drell-Yan  Top WW  Higgsl60

. %? ) )
» Signal characteristics: Major requirements:
— Only 2 opposite sign, isolated leptons *  Lepton P> 15 GeV, tight ID & Isolation

— removes QCD & W+jets contamination

« Large ME; & Z = pyp, ee veto

— removes Drell-Yan contamination

— significant ME=» No mass peak
— No b-jets, no additional low P p

— With additional 0, 1 ?r 2 jets (YBF) Classification by # of jets (P > 30 GeV) & b-jet veto
— Small A® (I'T) < Higgs scalarity — removes Top contamination

(W) @/.' «  Kinematic discriminants: M, & A® (I'T")
w
- ‘/v —  mitigates pp = ww background

@

~

'

M;,—dependent cut optimization



Major Background: ttbar
Reduced by requiring b-Jet Veto in |n| <5

= 800 800 =
= 400 400 =
= 200 200 —
Simulation i
— 0 0
— -200 -200 —
= -400 -400 —
= -800 800 3

-600 -400 -200 0 200 400 600 9

IIIIII|IIIIIIIII|IIIII [ I | [ | el | (I I IIIII|IIIIIIIII|IIIIII



Major Background: Drell-Yan

Drastically reduced by requmng MET in the event

-1000 500 500 1000
= gp M 800 -
= 21.1 GeV :
= 600 600 —
~ 400 400 -
= 200 U N 200 -

Simulation o\ = :
- 4 v
- P ' _.v“ ;
= 200 I"MET 200 -
= 6.9 GeV
= 400 400 -
= 600 600 -
= +
= .00 H 800 -

22.7 GeV
-1000 - 0 500 1000

IIII|\IIIIIIII|IIIIII\II | \III\\III|IIIIII\\I|IIII



pp 2 WW Is The Major Irreducible Background

CMS Experiment at LHC,CERN
Data recorded: Mon Aug 2 05:02:51 2010 CEST
Run/Event: 142132/92434735

too large AD,

Data

MET
49.9 GeV



H-> WW - 21 2v: Improvements Since LP’11

« Selection: Focus on PU mitigation and extend low mass reach
— Pileup dependent MET cut

— Minimum dilepton mass cut from 12->20 GeV for same-
flavor events (ee, yu)

— Refined top tagging procedure (less sensitive to PU)

— Trailing lepton p; from 10 = 15 GeV for SF and dilepton p-
cut at 45 GeV (suppressing Drell-Yan and W+jets)

« Backgrounds:
— Refined DY and top estimation
— Data driven normalization of DY->ttand Wy*

« Major effort in understanding BDT Shape based analysis:
— Shape variation for systematic uncertainty evaluation

— Additional cross-checks: single variable shape
analyses; matrix element analysis



Distributions At WW Selection level
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% F CMSNs=7TeV,L, =4.70 ! % 140~ CMSNs=7TeV,L =470 ! E 9°§— CMSNs=7TeV,L =470 !
: 250:— z 120':— z ME—
E e 70—
200— M + . 100:— + . m%_ .
we oI =2 O-jet oE 4#—;; 1-jet e ﬁ.ﬁﬂ 2-jet
E = —% 60— # . a0 + #
= £ et = w1
F +¢ E = E =
- = — ~ —— 20— o
F 3 o b B E B “ t
E [ B, = > 4+ + ToE- iﬁ — -+ $*~
gz = P 1 L Sitetee g .\gﬂ-—\ 1 ! TR, n s e S . *g*‘: = \ ) ; _’&"'
s ,2E I A : 23 g s i
< 1.5F £ 2 s 4
B i e o1 B L i 3t t
© o o . 5 - osf- ¥ * T 4 1%** i—.-&t}w;a—'*“{'t{;i: . '+‘
100 150 200 250 300 0 50 100 150 200 250 300 e
m, [GeV] m, [GeV] 50 700 150 250
m, [GeV]
e data Coww B Drell-Yan e data Cww [ Drell-Yan
* data Eww I Drell-Yan o |[Jti,tw [ di-boson [ W+jets 9 ol It tW I di-boson [0 W+ijets
g [P diboson = Weets i b CMSNs=7TeV,L =470 fb' ir CMSNs=7TeV,L_=470fb"
L CMSNF=7TeV,L =470 fiy" ! b SNs=TTeV, L, =4.701 i F Sas=TIe Ly =4
A ) 3 1-jet I -
zno: ++ O Jet ‘205— + J a0~ _+_ 2_J et
50— ‘°"; _\T_ + -
_ ol "’ t==ts
1007 60— a0 — #
E— # w_ — + F
50; 20! 20|
”: . . . . — .2 1 I L 1 - 1 1
Q 4. - % 11 R T g E - 2 i
Ty pEs—
8:4 - gg ] 8
5 ¥ 5 3 25 £ o 0.5 1 15 2 25 3 20 0.
A¢IJ u
o data oww [ Drell-Yan ¢ data Cww I Drell-Yan * data Cww I Drell-Yan
e |COttw I di-boson [ W+jets 3 [Ctt tw I di-boson [ W+ets 3 7CI tt,tw B di-boson [ W+jets
? 100[— CMSNs=7TeV, L, =470 fb" g n CMSNs=7TeV, L, =470 b s CMSN5=7TeV,L, =470 fb"
Cor = . ¢
al- ; g 1-jet o .
ol ML, Odet ’ I * 2-jet
o ﬁg#g £ #ﬂ} - gy
S 0 ﬁ i + i L
- -L+ * 20; wl
Li Mg | il %Mﬁ :
F PSRN Wf _fﬁ o
N c* ! L I hd ‘Q‘M_ gE* mllnnnnil s + m%*#ﬁ 4~‘ ate?. -ﬂ:‘ ) -
g $ ¥ 4l +
bR N S S L T A**Mr 1% &) ¥ ‘ i %1;% == - : e 13
A it i) J”'H'W " e S L CHE e tee, bt
0| o 2E- L3 X
50 100 150 250 m, lmv]" Y 50 700 50 200 " 250 gnE 2040 60 80 100 120 140 160

80 200
m, [GeV] PT, [GeV]



Cut Flow Evolution ( 0-jet Bin As An Example)

2
c
o
108 « data
H(130) - WW
i WHjets
B di-boson
5
10 top
M Z+jets
. CITWW
10*
10 — |
—1 Higgs signal A
I 2= =200 events
102 g_ _ l Higgs selection
= | U | tpge=~40 Hevents
pr'”".se‘f};";’s Cufsveto Jet vetoahl‘i b"‘% Cuyy prICu( pr?cw m, Cuyg m, cUtsd ‘l’,, Cuyg

Data describes predicted background well, no excess
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Event Yield Tally For Cut Based Analysis

my | Z/v* =00~ |  top | WHjets | WZ+ZZ+ Wy | pp—> WTW— all bkg. H— WTW-  data
cut-based approach 0O-jet category
120 8.8+9.2 6.7+10 | 147+47 6.1+15 100.3 £7.2 136.7 £ 12.7 157 +0.8 136
130 137 +7.8 106+16 | 176 £55 74416 14224+10.0 = 191.5+14.0 452 £2.1 193
160 34+34 105+14 | 30+15 22+04 82.6 5.4 101.7 £ 6.8 122.94+5.6 111
200 27+£37 233+31 | 34+£15 32+03 108.2£4.5 140.8 £ 6.8 48.8 £2.2 159
250 0.3+0.6 362+48 | 6.7x21 57+07 101.8 £4.5 150.8 £6.9 235+1.1 152
300 0.7+19 416 £54 | 65£2.1 7.0+0.7 87.5+3.9 143.3+7.2 202409 147
400 02+02 359+47 | 55+1.8 93+ 1.1 59.8+2.7 110.8 £5.8 17.54+0.8 109
cut-based approach 1-jet category
120 6.6+23 172+10 | 54+24 32+0.6 27.0+47 E=E 50 6.5£0.3 72
130 53+25 256+14 | 65+£25 40+0.6 38.5+£6.6 799+77 17.6 £0.8 105
160 42+14 279+14 | 32+14 1.9+03 33.7£5.5 70.8+6.0 60.2 2.6 86
200 14.6 £5.3 594+28 | 52+18 22401 493 +22 130.8 £ 6.7 258 +1.1 111
250 129 +6.8 83.84+39 | 59+2.1 3.3+0.2 60.3+28 166.2 £ 8.6 148 +0.6 158
300 12.8 4.8 83.6+39 | 62+22 3.8+04 57.5+27 163.9+7.1 13.7+0.6 168
400 83+32 60629 | 62+21 44622 123.6 £5.3 122 4+0.5 128

39+05

15




Limits From H> WW = 21 2v: Cut Based

—_
o

| expectedt 1o

expected + 2o

—e— Observed

95% CL limit on c/cg,,
Ol

I I I T I T I I T T
"l e median expected CMS preliminary

T I T I I T I I I T

H — WW (cut based)
L=46fb"

| 1 | | V I | 1 | 1 I 1 1 1
100 200 300

PR [T TR T N NN SO N S
400 500 600
Higgs mass [GeV]

Expected 95% CL limit: 129 <M <236 GeV

Observed 95% CL limit: 132< My <238 GeV
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entries

entries

Multivariate (BDT) Classifier

40+

20

T T T T T T T T T T T T T ]

M Z+jets CMS preliminary
| —m=130  top |

-*- data

L=461fb"
Www B wz/izz

[ W+jets

-
;cé%ﬂ

Py

A~ ..|.

T — m=130

T T T T T T T T T T T

B Z+jets  CMS preliminary |

- data
top L=46 fb’1

Ww B wz/zz

40 W Wiiets

20

-0.5 O 0.5

1

BDT Output

entries

entries

C T T T T I T T T T I T T T T [ T T T T ]
| < data [l Z+jets CMS preliminary |
— m=130  top L=46f0"
WWwW B wz/zz 7
40 B W+jets _
1 jet i
20+ =
B T T T T l T T T T I T T T T l T T T T ]
= data [l Z+jets CMS preliminary
| — m=130 top L=46f" |
WwW B wz/zz
40 B Wijets
1 jet #
20~
Lt +i$ﬁ§; |
-1 -0.5 1

BDT Output
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Limits From H> WW - 21 2v: BDT Analysis

S

2
9
o
c
®)
=
E
—
O
&
Yo)
(o)

10 | I 1 I 1 | | 1 I 1 I | 1 | I I | 1 | I I I 1 1 I |
'I ------- median expected  CMS preliminary
B H— WW (BDT based)
+
| expected+ 1o a6

expected + 2o

—e— Observed

&)

0 '|_ 1 1 i " I | 1 1 1 I | 1 | | I | 1 | 1 I | 1 1 1 _I
100 200 300 400 500 600
Higgs mass [GeV]

Expected limit: 127 <M, <270 GeV
Observed limit: 129< M <270 GeV 18



entries

data/mc

Cross Check: Single Variable (M;,) Shape Analysis

——————— —_—
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[ — m=150  top L=46f" A S
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- Xpected = 20
8 - L=4.6 fb1 — ObZerved (CLs)
7 :_ @ Observed (Bayesian)
6F
|31 Expected range: 126 < M <230 GeV
A Observed range: 132 <M <238 GeV
3E ‘
2 ;_ | — 3
R i — -
? 8 1 1 1 I 1 1 1 1 -_f
q 00 200 300 400 500 600

Higgs mass [GeV/c?]

30

: -~ data
| — mg=150

W Z+ets  CMS preliminary |

top

L=461fb"

ww B wzzz

20|

10}

Wijets

1-jet SF

O a NN wh~ O
T T L —

I gttt s

tot %}H:”” -
e

50 100 150 200

m, [ GeV ]

Result consistent
With BDT

19



95% CL Limit °“°/°sm

ey
o

W A O O N oo ©

[TTTT IlII||I|I|IIII|IIII|I\II|I|I||IIII||I|I||I\I

H-> WW - 21 2v: What To Expect For M =124

Inject a SM like Higgs signal over predicted backgrounds

H— WW — 2I2v + 0/1/2-jets, mva ba

----- 95% CL exclusion: median
95% CL exclusion: 68% band
95% CL exclusion: 95% band

—=— pseudo-data (with Higgs(124))

Bkgd + Signal @ M ;=124

P IR
110

P R
120

140 150 160
Higgs mass, m_ [GeV/cY]

E 1 0 I T T T I T T T T T T T T | T T T T |
Qm e median expected CMS preliminary
@) N H — WW (BDT based) |
cC expected* 1o L=46f"
_.g B expected * 2 2 0 1 1 D ata 7
é i —e— observed ]
- 5
@)
o\o L
w0 L
(@)
0 _{_ | | | .T‘.- Il-- 1 1 - 1 1 I 1 1 1 1 | 1 1 1 1 +
100 150 200 250 300

Higgs mass [GeV]
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H 2> Z7 - 4e, 4y, 2¢ 2u : The Golden Channels

* Signal: 4 isolated lepton from common vertex

* Fully reconstructed, Mass resolution ~ 1%

* Reducible backgrounds:
— ttbar = 212v2b ; Z+bb

— Removed by Isolation & Impact parameter
requirements

 Irreducible background: pp = ZZ Continuum

* Event Selection: Same Flavor, opposite charge
— Z,: Py(min) > 10, P;(max)>20 GeV, 50<M,; <120
— Z,: 12 <M;< 120 GeV
— M, > 120 GeV

— Impact parameter significance > 4
* Reducible background contribution from data

o 77 Continuum:

— Shape known at NLO, corrected for gg > ZZ 241
evaluated with MCFM

— Rate obtained from Z yield in data & theoretical
prediction for ratio of ZZ to Z cross sections 5,




H - Z7 - 41 : Expected & Observed Yields

CMS Preliminary 2011

Ns=7TeV L=4.711fo"

C\]o 1 8 l | I N _l 1T T 1 I 1T T 1 I T T 1 I 1T T 1 J_
% 16 :_ * DATA _:
O B z+x -
= 14r W zz E
2 B - ]
M4 > 100 GeV/c % 121 m,=350 GeV/c*]
Observed events: 72 2 b  m.=200 GeV/c® ]
Expected events: 67.1 £6.0 . =140 GeVic?
8- -
6 -
4t —
Baseline de 4y 2e2u 2 -
Y4 12.27 + 1.16 | 19.11 £ 1.75 | 30.25 £ 2.78 N
Z+X 1.67 £ 0.55 | 1.13+ 0.55 | 2.71 £+ 0.96
All background 13.94 & 1.28 | 20.24 + 1.83 | 32.96 + 2.94 qoo 200 300 400 500 600
my = 120 GeV/c? 0.25 0.62 0.68 M,, [GeV/ Cz]
my = 140 GeV /c? 732 2.48 3.37
my = 350 GeV /c? 1.95 2.61 4.64
Observed 12 23 37
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H 2> 7Z7Z - 41 : Zoom Of Low Mass Range

b 5
o 4.5

Q)
4

QN
s L2 35

100 < M4 <160 GeV/c =
Obs. events: 13 T 3
Exp. events: 9.5+1.3 2.5
Final state:  4e 4 2e2u 2
Obs.events: 3 5 5 1.5
Exp. events: 1.7 3.3 4.5 3
0.5
Note: 0

* unbinned events in the bottom panel
* 4de,4p, 2e2p
* Event-by-event mass error (bars)
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Tl

5

]l TII ITTIITTTITTIT I~
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LI TIT LU LB

TIITTITI

i
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Along The Way: Observation of Z = 41

¢ Data

C >
CMS Prelimin 'LBdt=4.7 fb” at\s =7 Tev E}g(taus)
> = ggzz
o 121~ %vafets
(D : Il SingleTop
N L = TTbar
2 1o =
GCJ : B zGamma
> o
L 8l
< -

: B

Di-lepton mass cut relaxed to 4 GeV ¢

4

Standard Candle for H>ZZ->4l search: | [

 direct calibration of M, scale i

e direct measurement of M, resolution Q, Al nils

0 80 90 100 110 120 130 140 150 160 170

* M,=91.3£0.6 GeV (stat)

M, (GeV)
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H > Z7Z = 41 : Results

Ns=7TeV L=4.711b"

CMS Preliminary 2011 Ns=7TeV L=4.711" y _CMS Preliminary 2011 .

p-vaiue

10E 1 :

/
95% CL of

102

108

__________ === Expectedzic [| === Without my uncertainties

o(H— ZZ - 4))

[| = With mg uncertainties

= = = Expected 20

4
10110 115 120 125 130 135 140 145 150 155 160

. : 104 . ' mH[QeV/CZ]
200 300 400 G50\§>/ 5300 110 200 400 500 600
mu [GeV/c?] mu [GeV/c?]

LEE trials factor = 40 for the full mass range
Hence, 2c deviations are not very significant
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H 2> Z7Z - 41 : Comparing CMS & ATLAS

CMS Preliminary 2011 Ns=7TeV L=4711b" > T T T T T T T T T I T T T T
N 5 [ | [ [ (] [ [ - @ DATA H . —
o ! I ! I H 210
= E ~e+ DATA 3 & | I Background ATLAS Preliminary
o 4°5F B Z+X E © | [JSignal (m =125 GeV) |
(O] aE 3 mzz = %+ [ Signal (m =150 GeV) .
S o —m,=140 GeV/o” 3 S 8 [ Signal (m, =190 GeV) —
‘2 3.5 2 m,=120 GeV/c" ] Lﬁ - .
F D 3 - * -
e 3 2 = I H-zZz" -4l ]
W, 5 8 3 6~  [Ldt=4.8fb" 5
- 3 : I \s=7TeV ]
2 3 E -
150 o = 4r
Y - I
1:_ < 4 > 41 < _: L
0.5 ] = 2
) Y S S S — i
100 110 120 130 140 150 160 100 150 200 250
ma [GeV/c?] my, [GeV]
1 a® 1 _

M=118.8 (4p) | [N A 775NN
M=118.9 (4u) | | | A ;

M=119.0 (4p) | = \ B A w1 | M=123.6 (2p2e)

AR O vy A4S Pty | M=124.3 (2e2)
M=125.7 (de) 0 5P asen || M=124.6 (41)

. 30 \s=7 TeV ]
M— 1 2 6 . 2 (2 62 H) 10716120 130 140 150 160 170 180 190 200

10 115 120 125 130 135 140 145 150 155 160
my [GeV]

myx [GeV/c?]
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High Mass Higgs: H 2 ZZ - 21 2v

Event Selection:

* 2 isolated leptons: Z(2¢), Z(2)

*  no impact parameter

*  pr(1l) > 55 GeV (large)

* large MET, not aligned with jets or leptons

* Final discriminant: M, shape

Z, pt: 282.2 GeV
mass: 88.7 GeV

Mr? = (\/PT22 + Mz + \/MET2 + Mz?)2 — (Prz + MET)?

e
Mass resolution: 7%

A Main backgrounds:
Y Htigzgg ;)gnc{i/date: g :
5 5 e . . .
B fransverse mass: 599.6 GeV \ ° Z+_] ets ( Slg:bkgd =1:10° ): from data (’Y+J etS)
nent at LHC, CERN .
d: Thu'Apr.28 23:14:53 2011 CEST o tt, WW, WjetSZ from data (Off Z—peak)
63659 / 21497971

128

o Z7,WZ: from MC

M= 600 GeV
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H -2 Z7Z = 21 2v: Distributions

Data-driven prediction for Z+jets bkgd, using y+jets events

Data-driven prediction for tt/WW bkgd, using m, sideband

P CMS Preliminary,\s = 7TeV, 4.6 fb! |
= 7TeV, 4.6 fb L L B N B B B
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> . . o, = 35F B wz —
8 1 03 E —ae— Dilepton events (Data) %J E_ . z _E
o ; = (D 30 E —e— Dilepton events (Data) E
TS . Q 250 5 3
£ : @ 205 =
% 1 £ - C E
: 215 E
1 B C -
] 5 -
1 0-1 | L1l I ) I | | | I | I | | LIl L | Ll Ll ﬂ ' ! ] i I . . ) ] I * . q . %

0 50 100 150 200 250 300 350 250 300 350 400 450
MET [GeV] MT [GeV/CZ]

After 250 < MET <450 GeV
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H-> 77 = 21 2v: Limits

E 10Z :l | L L | 1T 1 I | L | | L | | L | | I- 'I I' |‘I.”I”I”.I'“|:
n ~ .
O N SM HZZ — 2I2v, 4.6fb™ N
o T e 95% CL exclusion: mean m
g - I 95% CL exclusion: 68% band -
— 95% CL exclusion: 95% band
é 10 — 95% CL exclusion: observed —]
3 F -
_I - —
O - ]
o\° _
K]
(@)) 1 - -
10—1 I | v 1 1 | | I I | | | I | | | I | wl | I | I | I I | | | I | I
250 300 350 400 _ 450 500 550 6020
Higgs mass, m, [GeV/c”]

Expected limit: 290 < M, <490 GeV

Observed limit: 270 <My <440 GeV 29




High Mass Higgs: H 2 ZZ - 21 2q ( or 2b)

Jet: 207 GeV

e: 177 GeV

Jet: 114 GeV

e: 114 GeV

M, = 580 GeV

Selection:

» 2 isolated prompt leptons making Z->2e,
722

* two jets: Z(jj) with 0, 1, 2 b-tags

* most of sensitivity from 2 b-tag category
* no MET

* cut on angular topology (ME-based)

* Final discriminant: m; mass distribution

Mass resolution: 3%

Main backgrounds: from sidebands
— Z+jets ((including heavy flavor jets )
- WZ,77
— ttbar, WW
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Events / (2.25 GeV) Events /(2.25 GeV)

Events / (2.25 GeV)

N
[
(=]

H - Z7 - 21 2q : Distributions & Limits

CMS y 2011, 4.6 fb”’

\s =7 Tev

nN
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(=]
L S

-
o
o

-
o
o
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I Sl :
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Events / (20 GeV) Events / (20 GeV)

Events/ (20 GeV)
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600 0 b-tag category -
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400 [ Jz+jets =
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300 L 0 waw 3
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300 E
2xH(400 GeV) 1
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100 E
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60
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H->Z77-> 212t

Events/25 GeV/c?

Tl Hla

-

00GeV)

.  H = ZZ- ecet candidate

A small drop in the Higgs bucket

—t
(&)}
|

10

1

| | |

H—2ZZ — lltt

-------- Expected CLs Limit

- 10
[:]:20

~—— Observed CLs Limit

|
200

| ] |
300 400 500 600
m,, (GeV/c%)



Low Mass Higgs Search : H2 1t

Jet2 —45 GeV

e v SM-0/1 jet
Jet, E, = 177 GeV_—Fn 7~ ->--H ™| 0jets >30 GeV or 1 jet<150 GeV

...............

SM-Boosted
One jet Pt>150 GeV
No other jets>30 GeV

A 3 o—> SM-VBF
MISSIng ET =97 GeV /Z >=2 _]etS >30 GeV
->--H_, An>4 ,.IV_Ijj>4Q0 Ge\_/ _
No additional jets with Pt>30 in the

Visible Mass(t1) = 75 GeV W/Z ey GETE

Mass (jj ) = 580 GeV >
S M=

* 1t selection: ptTy,  , Wity pte
e SM-Boosted mode added since summer
 VBF mode cleanest, most sensitive
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H-> 11 : Mass Spectrum By Categories

e

dN/dm
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CMS Preliminary 4.6 tb™ \/s=7 TeV ail channels

25T
----- (5%) H—>1t m,=120]
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L Z 7
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: Cacp ’
15 - ]
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H-> 11 : Limits Becoming Interesting

%10;_ " LA UL AL N
™ 9 E 95% CL Limits = . .
Ef - —e— Observed .
T 8fF — Expected '
2 JE. + 1o Expected o 3

o 6 E + 20 Expected | 3
£ 5
I 4
© 3

2
1 —
E 1 1 1 | ] i 1 1 1 1 i 1 1 1 | ] i 1 1 :
?1 0 120 130 140
m, [GeV]

At M ;=120 GeV : Sensitivity = 2.3x0g,,, Observed = 3.2x0g),
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Low Mass Higgs Search : H> b b

bJet1

p1151.4,
n 0.814,
P 2.299

bjet2

Pr47-3,
n1.783,
® 2.189

W /Z

P — @ view bb:

m 104.78

Py 225.93
Acp (bb,MET)

MET
e;197.6
P -y 3

Selection:

5 channels: W=21v, Z=2 1, Z>vv

high MET quality for W=>1v and Z->vv

two jets with tight b-tags

V+H(bb) topology: back-to-back, Ap(V,H) > 3
pr(bb)> 100-160 GeV (but not super boosted)
Final discriminant: MV A output shape

bb mass resolution: 10%
(aided by the boost of bbbar system)

Main backgrounds:

Vbb: from data (invert p(bb) boost)

V+jets: from data (invert b-tag)

tt: from data (require extra jet)

QCD: from data (require small Ao(MET,jet),

)
W+Z(bb) and Z+Z(bb): from MC
36



H-> b b : Data Driven Way of Dealing With Bkgnd

Reducible backgrounds
QCD, V+udscg
ttbar and single top

H.I

Irreducible backgrounds
V+bb @ high p,
ZZ(bb), W(lv)Z(bb)

Definition of Control Regions (CR) crucial element
of the analysis

Define several CR enriched in different background
components:

Control regions cuts as close as possible to the
signal region

Example: Zee control region definition

tttttt determine |

Use variation of
Preselection ‘ uncertainty of SFs
. | E—
[
2 s >

}?R Z window }-é» Z mass veto
: Y > <
[ Invert b-tag ‘ﬁ"’ 1 2 b-tag } I::g]::se
E ’
[ Invert boost Boost J L VHDphi )
[ Invert mass | 1 VHDPh| }

[ Z bb (13%) J

Mass wmdow }




Low Mass Higgs Search

@ — T T T T T T T T
s CMS Preliminar = -
q>) 7fby' %Wm ;
W -w“lgscg =
CZ+bb *
3 Z + udscg _
== Single Top E|
=i :
== uncertainty m
1 __
10 SlgnalI x A 5
-0.4 -0.2 0 0.2 04 0.
BDT output
HRY e ]
05 —:
o . LN L L B L B B S B B
- —— =
s 10 CMS Prellmlan?;'g'1 —?ﬁﬁﬁGeV) E
» 3 - S Czz+wz+ww B
£ 10 :W 12 +udscg =
o [JZ+bb 3
o 102 Bl ST .
10 o _%
1 .
o' |~ ks 3
102 . =
Signal x 1 E
10° E
R e e e |
-1 -08 -06 -04 -02 0 0.2
BDT Output
2
(E) 15— Kolg"o;v’:,'vful 0.656 y
B 1
g 05
o 7 08 06 07 02 0 02

Events

Events /0.1

Data/MC

10"

10?2

—_
o unN

LA S B s e LI S B B s s
CMs Prellmlnary = e =
7t W +bl =

-w+udscg -

C_JZ+bl T

-Z+udscg —

3 Single Top 3

|k} 3

[==Kelon] i —

«<<< MC uncertainty —

| —l 3
0.2 0.4 0.6

BDT output

Koimogorov Test: 0.97523 ]

(ot 0721628, pvsue: 0791554
gU'\}I... LIV B B B B IR R
S preliminary Data 3
AT TeVbz 4.7 B z+bb 7

— Z + udscg

[ tt+jets E
E | Single top E
r 1 wwwzzz -
E = ZH(115GeV) 5
= S SR
3 gnal x 1
Bl b vy e by by n By ol
1 -08-06-04-02 0 02 04 06 08 1
BDT output

. 1% =0.670 K, =0.987

o o

Events

data / mc

Systematic errors are
a persistent challenge as
the integrated lumi increases

LN L B I B L B B

CMS Preliminary ®Data Haco
L=4.7fb" =VH(115)  [[z+udscg

[wv [Jz+vb
lﬁ lw+udsog

Dsi

Hw:bb

Signal x 1

(=] YO T RTIT ARWETT MRRATTY MRTTTT ARRTHT ERRATT M

-1 -0.8 -0.6 -04 0.2 0 0.2 4
BDT
Koll‘norov Test: 0.420
I chiz/ndf: 0.943 b
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Low Mass Higgs Search : H> b b

16

14

12

95% C.L. Limit on G/GSM

10

CMS Preltmmary, BDT analysrs

Vs = 7TeViL = 47fb
lVH(bb) cqmbmed

_.!_ CL Obse:rved ......
----- CL. Expected : :
CL. Expected+ 1o
CL. Expected+2¢ '

I B B I

llllllllllllllllllllll

1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 [ 1 1 1 1 | 1 1 1 1 I 1 1
110 115 120 125 130 135
Higgs Mass [GeV]

BDT shape analysis for m;=120 GeV

* Sensitivity
 (Observed

~ 3X0Ogy

~ 4XOg,
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Low Mass Higgs Search : H—>

T EREEE AR AN LR LR LRRE [T T T T RERES
L 3000 % CMS preliminary + Data —]
= %/ Ns=7TeVL=476fb " [ 2prompty .
¥ 1 prompt v 1 fake 7 -
3 w0} — el
: A s [] orell-an ]
] 2 2000 — [ 1 Hoyy (120 GeVic) x10 —]|
; s i
11 1500 —
i Non prompt yy = 30% -
1000 —
500 i T =
: . - R TR s T biuwvt e
Signature: 2 energetic, % 100 110 120 130 140 150 160 1%0 180 190
isolated vy, narrow mass peak 1y (GeVic?)
Background: Large & partly « Data divided in 4 categories depending on
irreducible QCD. Measured vy mass resolution
from Mw sidebands in data « Background shape fitted by a 5™ order
polynomial constrained to be positive
= » Several other forms also tried
* Signal shape : Sum of 3 Gaussians,
s parameters determined from Z - ee data




H —2>vy Event Vertex Determination: Impact of Pileup

v Cluster
* “large” pile-up conditions | @ ECAL
A
= <Npy> ~10 .
. . . . mistake

* di-photon invariant mass resolution inm, '1.3m
affected by vertex choice :

° : : correct vix PU vix
vextex determination based on =~ correcty s Lol S
— tracks belonging to vertex combined beam spot ~ 6¢cm

with di-photon kinematics £ 1 ] :
- q>_) 17 "MMQ annrlﬁIfIIHHHHHHT}
use of pt?uk and pr balancing g F 1
0.8
— conversion-track finding and projection § |- o P <10 MM
O -
on beam spot Eo°r

e performance cross-checked using oM

Z—utp after removing muon tracks o.2~§m§§§?‘”’"ry
2011A 2011B 2011 O:‘ ‘PU‘ L

05 o 41

86.3% £ 0.2% £ 0.4% | 79.8% = 0.2% £ 0.5% | 83.0% = 0.2% = 0.49 0 50 100 150
o 0 0 o o o] o (] (] p*(H) (Gev/c)




Photon Energy Scale & Resolution

Energy resolution studied with Z >ee, W 2ev , n° inter-calibrations and

laser signals for transparency corrections S x10° S

8 19 :_CMS Prel-|1m|nary 2011, 7TeV | =~ No corrections
Resolution 1n data improves typically T, OI_L=4'”b ) - Intercalibrations (IC)
by 10% in barrel (ni<1, R9>0.94 ) w.rt|§ = DIV
LP’11 data i 6

Instrumental resolution in the best
Barrel category = 0.99 £0.01 GeV 2

IIIIIIIIIIIIIIIIII

o 1.02 e Do ot T T LA L LA LI L 0 60 77780»“[“100\‘7 120
© [ CMS Preliminary 2011 —4— wilo transparency correction ] Mean 1 2
8 1.01 T \s=7 TeV L=4.6/fb —4—  w/ transparency correction - RMS 0.001416 ] Mee (GeV/C )
u\(j_ . E ECAL Barral — 1 /tra:nsparency cprrection E v
Q u ?g;;;
3 : Energy scale for W—>ev and
(O] a
o
] Z->¢e stable throughout

o
8
IIIIII[IIIIIlII %ﬁ
7
e
-
e o

0.98 2011 at the level of 0.2% 1n
0o7 {g | barrel and 0.7% in endcap

L L 1 L1 L L1 L L1 ] s b L Ly
26/04 26/05 25/06 25/07 24/08 23/09 23/10 0 20 40 60 42
date (day/month)



M., Resolution In Four Catagories

Events / (0.35 GeV/c?)

111 00
. x10°
: ) CMS preliminary N I ) CMS preliminary
- #’» Simulation Simulation ~ B ﬁ‘%’“ Simulation Simulation
o5l S 500}
[ — Parametric Model Max(inl)<1.5 4} 8 - Max(nl)>1.5 4}
] | Min(R )>0.9 © 400k Min(R )>0.9
20 o, = 1.40 GeV/c® @ -
- h o -
1 5:_ FWHM = 2.76 GeV/c? g 300:_
i o -
1.0F D 200}
0.5 100F
Ly _'-"—'":::‘- L I L i St s e =y oo :2::"' -.:-:__.: . : I - . 3 4l
0-806 110 120 130 P00 110 120 130
m,, (GeV/c?) m,, (GeV/c?)
both ~ in barrel one or two v in endcap
min(Rg) >0.94 | min(Rg) <0.94 | min(Rg) >0.94 | min(Ry) <0.94
unconverted ~y unconverted ~y
signal 31.1% 40.3% 12.2% 16.4%
data 23.0% 33.8% 17.8% 25.4%
resol. oeff 1.4 GeV 1.8 GeV 2.8 GeV 3.2 GeV
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H-> vy : Systematic Uncertainties

Source Uncertainty
Photon identification efficiency: barrel 1.0%
endcap 2.6%
Rg >0.94 efficiency barrel 4%
results in class migration endcap 6.5%

Rg > 0.94 Rg < 0.94
Energy resolution (Ac/ Epc): barrel low 7, high 1 | 0.22%, 0.61% | 0.24%, 0.59%
endcap low 7, high 7 | 0.91%, 0.34% | 0.30%, 0.53%
Energy scale ((Ezuta — Epmc)/ Emc) barrel low 7, high | 0.19%, 0.71% | 0.13%, 0.51%
endcap low 1, hlgh n 0.880/0, 0.19% 0.180/0, 0.28%
ntegrated luminosity 4.270
Trigger efficiency: One or more photons Rg < 0.94 in endcap 0.4%
Other events 0.1%
Vertex finding efficiency 0.4%
gluon fusion process cross section (scale) +12.5% -8.2%
gluon fusion process cross section (PDF) +7.9% -7.7%
Vector boson fusion process cross section (scale) +0.5% -0.3%
Vector boson fusion process cross section (PDF) +2.7% -2.1%
Associated production with W /Z cross section (scale) +1.8% -1.8%
Associated production with W /Z cross section (PDF) +4.2% -4.2%
Associated production with tt cross section (scale) +3.6% -9.5%
Associated production with tt cross section (PDF) +8.5% -8.5% 14




H-> yy Search Categories

Important:
. MW resolutions
e S/B ratios

Categorization
helps with both

Both photons of high quality?

[
' Both photons in barrel?

{: E CMS preliminary —— Data

> - _ _ -1 —— Bkg Model
% 250 j\J§-7TeV L=4.69 fb o
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>

L

E\Z 220 |- CMS preliminary —— Data
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— 160}
~
0 140%
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w 100
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40 ¢

20 Signal X5 .
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Q0o 20 140 160 180
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N E CMS preliminary —— Data
© 400F
S F\S=7TeV L=4.69 b T Dotes
8 350 20
[ Max(l)<1.5, Min(R )<0.94 —e— 5xSM m,=120 Ge}/
Z 300
~ 3
£ 250F
5 f
Ll>J 200 g
150
100 .
50
:
:‘; 350cwms preliminary —— Data
S Vs=7TeVL=469fb" — Bl Mol
© 300 o
O Max(il)>1.5, Min(R,)<0.94 —e— 5xSM m_=120 Ge}/
Z 250}
~
[2]
T 200
)
>
W 150
100f
501 Signal x 5
E e R L
Q0 20 140 160 180
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H->

RGN IR

= T T . : H H o
= s Observed CLs Limit CMS preliminary; 2 r Trials- FsactOF o ~20- Igo; meluded --------- \([:_ M. preliminary. :
- i mmmmm——- Median Expected CLs Limit Je 7 Té.V L 76 i > ocal Significance: 2.3c s=7TeVL=476fb
;: " [ - 1o Expected CLs & 1GlabaliSignificance:0.8c
ot : [_] =20 Expected CLs - \ T
2 4 ; ; § \ 14 \ \]
2 \eoid \ oinmm
2 : | I AV e i I o
= I D R Y s T R - 4 [ aim ="
= N\ 10" e -\=‘fjiifii' : wimmmm R
! f
T \ \/
- LV 20
V Observed Asymptotic
-2 N S —
10 —+— Observed Ensemble
\\/ 1X03M ----- 1xSM Higgs Median Expected
i i ; i i b e, mm - 1xSM Higgs Single Mass 123.5GeV
TllllllIIIIIIII|IIII|IIII|IIIIIIIII|IIII 103 IIIIIIIIIIIIIIIIII|IIII|IIIIIIIII|IIII
q10 115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 150
m,, (GeV/c?) m,, (GeV/c?)

Expected exclusion limits between 1.5 and 2.0 times the Standard Model
cross-section in the mass range of interest

Observed excess at ~123.5 GeV has a local significance of 2.3 &, but only
0.8 o accounting for the Look-Elsewhere-Effect over the 110-150 GeV

search range Signal Strength 6/c,~— 1.7+0.8 at Mvv:123°5 GeV is

Exclude (lucky) 127 <My < 131 GeV Higgs mass range @ 95% CL 46



Staring At It : Contributions From the 4 Categories

p-value

103

u=c/cgy |
%10

p-value

—-Trials F
Local

Si

nifie:s

—actor of ~20 -Not include
Significance: 2.3c

Gy

- CMS preliminary...._i

1c

Observed Asymptotic

—+— Observed Ensemble

1xSM Higgs Median Expected

; 3o

145 150

130

6/ogy= 1.710.8
at M, =123.5

Barrel-Barrel, high R9
Barrel-Barrel, low R9
Barrel/Endcap, high R9
Barrel/Endcap, low R9
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95% CL limit on o/cg,

o(H= v v) ., o fo(H=vy)

H-> vy : CMS & ATLAS Compared

i CMS prellminary

i Observed CLs Limit CMS preliminary
5 wennunnn Median Exppcteq CLs Limit s 7 VLT 476"
. I =+ 1o Expect ’
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4 I
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Expected Sensitivity with 4.7 fb-!

= : O Dralimmimmmg T o1y ' Expected imits =  _[A\e Bea PSP Mk PRV "TE d Timit:

P 107} CMS I.Drellmlnary, \s=7 T(iV Cxpected Mt . P 102 L CMS I.:’rellmmary, Ns=7 T(_=,1V _fg.ef.tieﬁ(;m% "
B - Combined, L, ,=46-47f" n:s{b ((1-_2?;_15 >3 - Combined, L =46-471f" o nox (4-_6fb__13
c How o (a7 c P e 1B
o SR §i:§ i O [ e H—2ZZ—4 (4710
- e s [N H—ZZ - 22t (4.6 fb"? = R e S Muleichiuletl H—2ZZ - 2129 (4.6 fb™)
e | o E e H—ZZ —» 212q (4.6 fb) e
= 10 b | T H—>2ZZ - 2I2v (4.6 fb™) = 10
— —
O s O :
S e — SN 5 W i —— S
LO . o » Lo T L LE ThL L
(o)) LA . o))

1 . T o B S R S W

b g B R
100 200 300 400 500 600 110 115 120 125 130 135 140 145 150 155 160
Higgs boson mass (GeV/c?) Higgs boson mass (GeV/c?)

95% CL expected sensitivity: 117—543 GeV

50



Exclusion Limits on p = 6/6qy,

| CMSPreliminary,Ns=7TeV ' [a” Opsorved
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95% CL expected limits: 117—543 GeV
95% CL observed limits: 127—600 GeV
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Observed Exclusion Confidence Levels
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Expected & Observed Limit : Channel By Channel
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By High & Low Mass Resolution Channels

High mass resolution channels: yy + 41 Poor mass resolution channels: WW + Tt + bb
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* The two sets have nearly identical sensitivity
* The yy+41 group shows a localized excess >2c around my=121-125 GeV
e The WW-+tt+bb group shows a broad excess, reaching 26 around 115-125 GeV
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Quantifying The Low Mass Excess

Local p-value
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With Look Elsewhere Effect (LEE) In Full Mass Range

Best fit 6/0g,,
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Maximum local significance: Z_,. =2.6
Count number of upcrossings at 6/6g,~ 0: N;=8

. global min r 1l g2
Global p-value can be estimated as P ~ pot 4+ Np e 2 Fmax

This corresponds to global p-value=0.28, global Z=0.6
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With Look Elsewhere Effect (LEE) In Low Mass Range
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three 41 events
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two 41 events not too far

Investigating Observed Excesses
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Observed Rate Of Excesses at M= 119.5, 124 GeV
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Observed Rate Of Excesses at M; =137, 144 GeV
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Summary Of CMS 2011 Higgs Searches
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What 2012 LHC Run Will Tell Us
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| CMS Preliminary: Oct 2010 |
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Expect =20 fb! data in 2012
If SM Higgs exists, it will be discovered this year
Else it will be ruled out over the 114-600 GeV mass range
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Summary Of CMS Higgs Boson Search

e CMS has searched for SM Higgs in 8 distinct Higgs boson
decay channels with up to 4.7 fb-! data

* The Higgs search mass range spans 110-600 GeV

« Expected 95% CL exclusion range, in absence of Higgs, 1s
117-543 GeV

e Observed 95% CL exclusion range 1s: 127-600 GeV

* A small excess in the low mass range seen

* More data are required to determine the source of this
€XCESS.

» Hopefully the Hunt for the SM Higgs will come to a
decisive end 1n 2012
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Backup Slides
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H->WW->1vlv: Evolution of Search Limits
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Evolution Of CMS Higgs Combination in 2011

LP’11 2011 data
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H =2y : Studies of Background Model

* The distribution of background events in M, 1s assumed to behave as
a continuous function. Since no prior knowledge 1s assumed of the
specific form of this function we choose a parameterization which is
demonstrably flexible enough to describe any reasonable form without
introducing a bias. Studied several test functional forms all of which
provide good fits to MC and data.

e Choose some functional form as truth model (used here 2nd Order
polynomial, double exponential, double power law and 4-term “partial
Laurent series")

 Fit chosen truth form to background MC scaled to 5fb-! and throw
background only toys.

 Fit test functional form + signal model and evaluate signal strength
(1n units of Ggy,)

* Bias defined as mean value of signal strength p, should be 0 for
background only toys
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Robustness of Background Model (51 Order Poly)

Truth = 2Exp Fit = 5Pol
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No perceptible bias, small loss in sensitivity (not shown)
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BG+Signal Toys

 5th order polynomial

showed best performance,

both in background-only
and 1n signal+background
tests
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Fitting With 2 Exponential Background Model
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Figure 39: 2Exp fit-model: mass-hypothesis dependent bias on the fitted signal-strength with 7 1
respect to the several truths (one per line). Left column: BG-only toys. Right column: Sig-
nal+BG toys (my =130 GeV/ c?).



